Abstract: In the current study, the failure behavior of retrofitted steel structures was studied experimentally and theoretically with steel/carbon fiber reinforced polymer (CFRP) double strap joints (DSJs) under quasi-static tensile loading. A series of DSJs with different bonding lengths are also considered and examined to experimentally assess the effective bond length. To predict the failure load values of the tested specimens, a new stress-based method, namely the point stress (PS) method is proposed. Although some theoretical predictive modelling for the strength between steel/CFRP joints under various loading conditions has been presented, in this work by using the new proposed approach, one can calculate rapidly and conveniently the failure loads of the steel/CFRP specimens. Furthermore, to assess the validity of the new proposed method, further experimental data on steel/CFRP DSJs available in the open literature are predicted using the PS method. Finally, it was found that a good agreement exists between the experimental results and the theoretical predictions based on the PS method.
Introduction
Nowadays, application of adhesively bonded joints in steel structures instead of conventional mechanical fastening methods like bolting or welding often offers by engineers because of the reduced weight and cost. In recent decades, carbon fiber reinforced polymer (CFRP) laminates have been widely used in various industries such as aerospace, marine, wind energy structures, etc. One of the major applications of CFRP patches is to retrofit the damaged steel structures and also reduction of the overall weight of structure. For example, in Boeing 787 aircraft, 43% of metal structures were replaced by CFRP laminates such as fuselage, wing, etc. [1] . Therefore, a suitable failure predictive approach to design the steel/composite bonded joints is necessary.
Although failure models in adhesively bonded structures are often presented in terms of the peel or shear stresses along the adhesive layer [2] , some approaches based on fracture mechanics were proposed [3, 4] . Therefore, to justify the present investigation a brief summary of some well-known failure criteria is given below to predict failure behavior for the adhesive joints.
Martiny et al., have evaluated the values of failure loads in metal-to-metal adhesive joints by means of a criterion based on attaining a critical value of the maximum principal stress at a critical distance ahead of the crack tip [5] . In the other investigations, the shear strain distribution along the adhesive mid-plane as the key parameter was considered to predict the failure load (see Refs. [6] [7] [8] ). Recently, some researchers have investigated the failure behavior of metal fiber-reinforced adhesive joints by considering the shear and peel stress distributions along the adhesive mid-plane [9] [10] [11] .
For the cases in which the plastic deformation occurred in the adhesive layer, Hart-Smith [12] proposed the maximum shear strain as a failure criterion. More recently, da Silva et al. [13, 14] have indicated that the maximum shear strain criterion is very accurate for single lap joints with ductile adhesives. Also, a shear stress approach has been extensively utilized to predict the strength of the lap joint. John et al. [15] used the shear stress method by considering the specified critical distance in their numerical calculations to predict the ultimate failure of double lap joints. Moreover, the maximum shear stress has been applied in tubular joints to estimate their failure behavior by Adams and Peppiatt [16] and Lee and Lee [17] . da Silva et al. [13, 14] utilized this criterion to predict the failure of the single lap joints and finally they have concluded that this approach is verified by the experimental data only in the case of brittle adhesives and short overlaps. In another paper, by using an energy-based failure criterion, the crack propagation process and failure load of the adhesive lap joints have been predicted by Chen et al. [18] .
The double strap joint (DSJ) as a well-known experimental specimen is extensively used to investigate the strength of steel/composite joints. Failure mechanisms in damaged steel structures which have been repaired or reinforced with CFRP patches have been assessed by various failure criteria. In the following, some of the researches dealing with DSJs especially steel/CFRP bonded joints which were recently published in open literature are mentioned briefly. Chalkley and Rose [19] have investigated theoretically the double-strap joints by means of stress analysis based on a modification of Hashin's variational method for orthogonally cracked composite laminates. Bocciarelli and co-researchers [20] analytically investigated the debonding strength behavior of steel/CFRP joints under tensile loading by using the stress-based criteria. Finally, they have shown that the results of stress-based criterion are in good agreement with the experimental results [20] . The influences of various geometrical and environmental parameters on the joint strength of steel/CFRP DSJs were studied by some researchers (see for instance Refs. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] ).
Fawzia et al. [22] tested the steel/CFRP DSJs by applying the wet lay-up method. They studied four variable parameters in their experiments such as: CFRP bond lengths, adhesive layer thickness, different types of adhesives, and adhesive maximum strain [22] . Nguyen et al. [25] have examined a series of DSJs with different bonding lengths which were tested at temperatures between 20 and 60 • C. They studied the mechanical characteristics such as strength degradation, stiffness, and change of effective bond length for steel/CFRP bonded joints at elevated temperatures [25] . Additionally, these experimental failure load results have been successfully predicted by the Hart-Smith model [25] . Al-Mosawe and co-researchers [30] have investigated the effect of CFRP properties on the bond characteristics in steel/CFRP DSJs under quasi-static loading. They conducted three-dimensional analyses considering non-linear behavior of the materials to study the effect of CFRP properties on the strain distribution and adhesive joint strength of the DSJ specimens [30] . In the other work, the bond behavior between CFRP patches and steel substrates under different loading rates have been studied by Al-Mosawe et al. [31] . Their results showed that, although the high loading rates have little influence on the effective bond length, these specimens experienced enhancement in the bond strength under impact loading by increasing the loading rates [31] . Al-Zubaidy et al. [26] have investigated the effect of loading rate for bond strength of DSJs, experimentally. In the other separate research [28] ; they have predicted the results of failure load of the tested specimens in Ref. [26] by using the numerical prediction based on the cohesive zone model (CZM). Additionally, Zhao and Zhang have reviewed research in which the bond strength and fatigue crack propagation have been studied for steel/fiber reinforced polymers (FRP) components [33] . Also, more recently, Mohee et al. [34] has investigated failure modes, strength, design parameters, and performance of the steel/CFRP joints.
In this paper, a series of steel/CFRP DSJs were experimentally examined to assess their failure behavior. In fact, the aim of this research paper is to predict the failure loads of experimentally tested joints using the new failure predictive model, namely the point stress (PS) method. Furthermore, the PS method could predict successfully the experimental result of steel/CFRP DSJs under quasi-static Metals 2017, 7, 255 3 of 16 tensile loading. Further validations were undertaken using two series of experimental data available in literature.
Experimental Testing
DSJs made of two steel sheets (grades 300) and one unidirectional normal modulus CFRP ply on each side of the joints were fabricated with different bonding lengths. Figure 1 illustrates the schematic geometry of the test samples. The two components UHU ® plus endfest 300 adhesive (UHU, Buehl, Germany) with weight mixing ratio of 100:50 for binder and hardener was used for bonding the adherends. The length, width and thickness of steel adherends were L sub = 200 mm, B = 50 mm, t sub = 3 mm, respectively. Each layer of CFRP had a thickness of 0.176 mm, while the thickness of the adhesive layer was 0.5 mm. Separate standard tests were conducted on the steel plates (ASTM E8) [35] and adhesive material (ASTM D638) [36] in order to obtain the mechanical properties under tensile loading (see Table 1 ). The bonding length L 1 was always kept less than L 2 (L 2 = L 1 + 30 mm) to ensure that the failure occurred on the L 1 side only.
The steel plates were polished using a 240-grit sandpaper (Arsaco, Tehran, Iran) to increase the mechanical locking between the adhesive and adherends. Then, the polished surfaces were cleaned using cotton fabrics and acetone solution to remove dust and oil from the surface. After supplying the adhesive, DSJs were cured for 45 min at 70 • C and post-cured for 7 days at room temperature (about 25 • C). It is worth mentioning that the CFRP plies were co-cured with the DSJs. Different bonding lengths of L 1 = 10, 20, 30, 40, 50 mm were considered for experiments. For each geometry, at least four test samples were fabricated and tested using the universal tensile testing machine Instron ElectroPulsTM E10000 (Instron, Norwood, MA, United States) under quasi-static loading with a constant displacement rate of 2 mm/min, and the load-displacement curves of the joints were obtained. All the experiments were conducted at room temperature (25 • C) and relative humidity of 70%. Typical steel/CFRP DSJs before and after the tensile tests are shown in Figure 2 . According to the test results, the DSJs with lower bonding lengths demonstrated a combined failure mode of CFRP rupture, CFRP delamination, and debonding between the CFRP and the adhesive layer. While, for DSJs with higher bonding lengths, the overall failure was governed by CFRP rupture and CFRP delamination. It is worth mentioning that as a result of a smaller required force of debonding between CFRP sheets and adhesive layer, lower failure loads were obtained for DSJs with shorter bonding lengths. A sample load-displacement curve of the tested steel/CFRP DSJs is depicted in Figure 3 . Also, Table 2 
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Finite Element Analysis
In order to predict the failure loads of DSJs, finite element analyses should be performed on DSJs to achieve the stress distribution across the adhesive mid-plane in the 2D model of specimens. According to the symmetry of the joints, only one quarter of the specimens were modeled (see Figure  4 ). The finite element program Dassault System ABAQUS-CAE-6.13 (NTNU, Trondheim, Norway) is utilized to study the finite element analyses for the DSJs. For this purpose, the CPE8R element type is used. This is an eight-node, biquadratic plane strain quadrilateral element with reduced integration. The boundary conditions and the applied loading to the finite element models are shown in Figure 4 . The eight-node biquadratic plane strain quadrilateral elements with reduced integration were used for finite element simulation of adhesive joints. In order to ensure that the proper size of 
In order to predict the failure loads of DSJs, finite element analyses should be performed on DSJs to achieve the stress distribution across the adhesive mid-plane in the 2D model of specimens. According to the symmetry of the joints, only one quarter of the specimens were modeled (see Figure 4) . The finite element program Dassault System ABAQUS-CAE-6.13 (NTNU, Trondheim, Norway) is utilized to study the finite element analyses for the DSJs. For this purpose, the CPE8R element type is used. This is an eight-node, biquadratic plane strain quadrilateral element with reduced integration. The boundary conditions and the applied loading to the finite element models are shown in Figure 4 . The eight-node biquadratic plane strain quadrilateral elements with reduced integration were used for finite element simulation of adhesive joints. In order to ensure that the proper size of elements was used for analyses, a mesh convergence study was undertaken. Smaller elements were used in the adhesive layer to improve the accuracy of the output results. A typical mesh pattern used for modelling DSJs is shown in Figure 5 . This paper aims to evaluate the failure of DSJs using the elastic behavior of the joints. Also, as seen in Figure 2 , the load-displacement curve is linear up to final fracture that takes place suddenly with no effective plastic deformation in the adhesive layer. Therefore, it is expected that the linear elastic assumption can be utilized for failure load prediction of the tested DSJs. For most of the structural adhesives which behave predominantly in a linear manner until the final failure, an assumption of linear elastic behavior is appropriate. Therefore, the non-linear geometry is not considered in the finite element (FE) simulations.
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Failure Load Prediction
In this section, a stress-based method is presented to obtain the effective bond length and predict the load-bearing capacity of adhesively bonded DSJs. As an important parameter, the effective bonding length of DSJs should be calculated before failure load predictions using the PS method. According to the experimental results and also other available data in the literature related to adhesive joints, increasing the bonding length of adhesive joint results in higher load bearing capacity of the joint. However, for the adhesive joints with the bonding lengths higher than a specific value, the failure load would remain the same. This specific bonding length is named the effective bonding length, Leff.
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In this paper, a simple method is proposed to obtain L eff using 2D linear elastic finite element analysis. Unlike the previously proposed failure model, this methodology only requires elastic modulus and Poisson's ratio for calculating the effective bonding length. For this aim, finite element models of DSJs with different bonding lengths should be analyzed under a constant statically applied stress. One of the DSJs with a specific bonding length should be considered as the reference joint. The longitudinal stress variation along the adhesive mid-plane should be exported, and then the value of the first pick in longitudinal stress curve should be recorded as critical stress σ cr . The corresponding critical longitudinal stress values in the rest of the joints should be obtained. Comparing the critical longitudinal stress values for different bonding lengths reveal the effective bonding length. For the DSJs with the bond length higher than the effective bond length, the critical longitudinal stress remains constant. In the next subsection, the PS method is described to directly determine the value of the effective bond length before performing any experiments.
How to Calculate the Effective Bond Length by Applying the Point Stress (PS) Method
Here, the joint with 10 mm bonding length was selected as the reference joint. An axial tensile stress equal to 1000 MPa was applied to the joint and the variation of longitudinal stress along the adhesive layer was obtained. The first positive pick stress from the bond line edge was considered as critical longitudinal stress σ cr and it was equal to 8.62 MPa for the joint with 10 mm bond length. The key parameter in a failure method must be consistent with the detected failure mechanism in the tested joints. According to the CFRP rupture and delamination failure mechanisms, which are due to the longitudinal stress at the junction of steel adherends, longitudinal stress along the adhesive mid-plane was considered as the key parameter in failure analysis.
For the rest of the joints (L 1 = 20, 30, 40, and 50 mm) the value of critical longitudinal stresses (i.e., first pick value in the longitudinal stress variation along the bond length) were exported from elastic analyses. Furthermore, in order to better distinguish the numerical calculations behind the proposed failure prediction model, the longitudinal stress distribution along the path defined in the mid-plane of the adhesive layer for the other joints of the present experimental series has been depicted in Figures 6 and 7 . The variation of critical longitudinal stresses for different bonding lengths are illustrated in Figure 8 . As it is obvious, the bonding length of L 1 = 30 mm is the effective bonding length and for higher bonding lengths the longitudinal stress remains constant. To have more accurate prediction of the bonding length, higher numbers of finite element analyses on the DSJ models with the bonding length in the range of L 1 = 30 mm can be undertaken.
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How to Obtain the Theoretical Failure Loads of the Double Strap Joint (DSJ) Specimens by Means of the PS Method
In order to obtain the failure loads of the joints the Equation (1) is proposed which includes a linear part for bonding lengths less than Leff and a constant part for DSJs with larger bonding lengths.
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The parameter F* in Equation (1) is the experimental failure load of adhesive joints with bonding length higher than the effective bonding length. According to this method, by testing only one DSJ the failure loads of DSJs with different bonding lengths can be predicted. Considering any of the tested DSJs with bonding lengths higher than Leff in previous sections as the reference joint for failure 
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For the joints series B, three layers of CFRP were composed of two adhesive layers to produce a total thickness of 1.588 mm. Table 4 presents the mechanical properties of the tested joints. In order to simplify the numerical modelling, three layers of CFRP and two layers of adhesive between them in the joints series B were considered as one part having an equivalent tensile modulus which can be calculated from [21] as follows: For further validation, the proposed method was used to predict the failure loads of two series of DSJs which have been reported in previous experimental study by Al-Zubaidy et al. [26, 28] . Al-Zubaidy et al. [26, 28] conducted some experiments on DSJs of width 50 mm and bonding lengths of L 1 = 10, 20, 30, 40, 50, 60, 70, 80, 90, and 100 mm. The DSJs were made from 5 mm thick steel plates of 210 mm length, reinforced on both sides with unidirectional carbon fiber sheets. For the experimental data series A, one layer of CFRP sheet was bonded on each side of the joint. For the experimental data series B, three layers of CFRP sheets were bonded on each side of the adhesive joint. The Araldite 420 adhesive was used for joining the CFRP sheets together and also joining them to the steel plates. Each layer of CFRP had a thickness of 0.176 mm, while the thickness of the adhesive layer was 0.53 mm. For some geometry, three tests and for the other ones two tests have been performed by Al-Zubaidy et al. [26, 28] to check the repeatability of the experimental results.
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in which E eq is the equivalent modulus of the CFRP/adhesive layer, and E adh and E CFRP are the tensile modulus of the adhesive layer and CFRP sheets, respectively. The terms t adh and t CFRP signify the total bond line thickness and the thickness of the CFRP layers. Details of the experimental failure loads are listed in Table 5 . P Exp. i (i = 1, 2, 3) and P Exp. specify the failure loads of the three repeated tests and the average value of the three experimental failure loads, respectively. A similar method was applied to obtain the effective bonding length L eff and predict the failure loads of all bonding lengths. Table 6 summarizes the values of the failure load, obtained experimentally from the tensile quasi-static tests on the DSJ specimens and numerically by means of the FE analyses based on the PS method, including the discrepancies. Figure 10 shows the curves of critical longitudinal stresses as a function of bonding length for the joints series A and series B. According to the plateaus in Figure 10 , the effective bonding lengths of the joints series A and B are 30 and 50 mm, respectively. Using these effective bonding lengths and considering one of the joints (L 1 > L eff ) as the reference joints, the failure loads of the remaining joints were estimated using the PS method. A comparison between the PS predictions and the experimental results is illustrated in Figure 11 . Again, a very good correlation is seen between the experimental data and PS estimates for failure loads in the tested DSJs. Different methods based on strain, stress, and energy have also been suggested in literature to predict the failure behavior of adhesively bonded joints (see Refs. [21] [22] [23] [37] [38] [39] [40] [41] [42] [43] [44] [45] ). They commonly require consideration of material nonlinear behavior in finite element simulation and need a higher number of material properties to estimate the failure loads of the adhesive joints. However, in the PS method failure can be easily predicted only by conducting 2D-linear elastic analyses. Comparing the current prediction results with previously published results available in the open literature reveals that the average accuracy of the point stress method is in the same order of the other failure models such as the cohesive zone model and the Hart-Smith model. Due to the advantages noted above, one may recommend the use of the PS method for predicting the failure load in steel/CFRP DSJs.
The same methodology can be applied to estimate the failure load in other metallic alloys and FRP materials which are investigated in some studies dealing with practical applications of FRP-reinforced and -retrofitted structures [46] [47] [48] [49] [50] [51] [52] .
Failure Mechanisms in Steel/Carbon Fiber Reinforced Polymer (CFRP) DSJs
Six types of failure mechanisms exist in steel/CFRP DSJs under various loadings, including CFRP rupture (fiber breakage), debonding between the CFRP and the adhesive layer or between the steel plates and the adhesive layer (adhesive failure), failure in the adhesive layer (cohesive failure), CFRP delamination, and steel plate yielding. A schematic of these failure mechanisms for steel/CFRP DSJs have been illustrated in Figure 12 .
Zhao and Zhang [33] have previously studied these failure mechanisms. More recently, different types of failure modes in steel/CFRP double strap joints have been investigated by Al-Mosawe et al. [30] . They studied the effect of failure modes in stress variations along the bonding length and compared these data with the results presented by Al-Zubaidy et al. [26] . Also shown in Figure 2b , fiber breakage (rupture in CFRP) predominantly occurred in the tested DSJs. For further failure assessment of steel/CFRP DSJs, the fracture surfaces of the tested specimens were investigated using optical microscopy. It was revealed that the majority of the failure is governed by CFRP rupture and CFRP delamination close to the junction of steel substrates. The optical microscopy pictures of adhesive fracture surfaces are shown in Figure 13 . Additionally, the dominant failure modes in the tested DSJs in the experimental works reported in Ref. [28] were adhesive failure, CFRP delamination, CFRP rupture, and steel/adhesive interface debonding. It is worth mentioning that the PS method was able to predict the effective bonding length for DSJs which failed under various failure mechanisms, including interfacial debonding (adhesive failure), CFRP delamination, and CFRP rupture. The same methodology can be applied to estimate the failure load in other metallic alloys and FRP materials which are investigated in some studies dealing with practical applications of FRPreinforced and -retrofitted structures [46] [47] [48] [49] [50] [51] [52] .
Zhao and Zhang [33] have previously studied these failure mechanisms. More recently, different types of failure modes in steel/CFRP double strap joints have been investigated by Al-Mosawe et al. [30] . They studied the effect of failure modes in stress variations along the bonding length and compared these data with the results presented by Al-Zubaidy et al. [26] . Also shown in Figure 2b , fiber breakage (rupture in CFRP) predominantly occurred in the tested DSJs. For further failure assessment of steel/CFRP DSJs, the fracture surfaces of the tested specimens were investigated using optical microscopy. It was revealed that the majority of the failure is governed by CFRP rupture and CFRP delamination close to the junction of steel substrates. The optical microscopy pictures of adhesive fracture surfaces are shown in Figure 13 . Additionally, the dominant failure modes in the tested DSJs in the experimental works reported in Ref. [28] were adhesive failure, CFRP delamination, CFRP rupture, and steel/adhesive interface debonding. It is worth mentioning that the PS method was able to predict the effective bonding length for DSJs which failed under various failure mechanisms, including interfacial debonding (adhesive failure), CFRP delamination, and CFRP rupture. 
Assumptions, Limitations, and Advantages of the PS Method for DSJs
According to the experimental results, the load-displacement curves were linear up to final fracture which took place suddenly with no effective plastic deformation in the adhesive layer, meaning the adhesive and the adherents remained in linear elastic conditions. Therefore, it is expected that the linear elastic fracture mechanics (LEFM) assumption can be utilized for failure load prediction of the tested DSJs. In other words, the proposed failure model in this research is more suitable to be applied for the joints having predominantly elastic behavior up to the failure load, or joints having little plastic deformation.
There are some limitations and advantages in using the PS method for DSJs as a failure load prediction model which are briefly discussed in this section. Generally, the term "failure" in this theoretical prediction model for DSJs describes the state of total failure modes such as adhesive layer failure (cohesive failure), debonding between the CFRP and the adhesive layer or between the steel plates and the adhesive layer (adhesive failure), CFRP rupture, CFRP delamination, or a combination of modes. The failure load predictions for different failure mechanisms were in good agreement with the experimental results.
In order to predict the failure loads of DSJs with different bonding lengths, only one DSJ corresponding to the effective bonding length should be tested, which is realized as an advantage of the methodology. Hence, it is very important to note that although the PS method for DSJs has one experimental part, one can estimate conveniently and rapidly the value of the effective bond length by applying the PS method proposed in this research before conducting any experiments. However, in some experimental research (see for instance Refs. [28, 30] ) complicated numerical finite element analysis by considering the material nonlinear behavior should be conducted to find the effective bond length. In fact, the simple calculation in predicting the effective bond length is the substantial advantage in the PS method for DSJs. Due to the advantages mentioned above, the efficiency of the PS method for predicting the failure load in the steel/CFRP DSJs has been demonstrated.
Conclusions
Use of CFRP materials as externally bonded sheets is one of the effective approaches to repair and improve the strength of the damaged steel structures. In this paper, a new method, namely the point stress method, was presented for failure load prediction in steel/CFRP adhesively bonded DSJs based on longitudinal stress along the adhesive mid-plane. According to this method, by calculation of the effective bonding length, the failure of DSJs with different bonding lengths can be predicted. Some experimental tests were conducted on DSJs and the results of theoretical predictions were compared with the experimental results. It was revealed that the average accuracy of the PS method was very good and this method could estimate the experimental failure loads very well. The same methodology was applied to two sets of experimental results available in the literature and the failure loads of steel/CFRP DSJs with different bonding lengths were successfully predicted by means of the PS method.
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